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 Before I begin, I’d like to explain that this thesis is something that marks the culmination 
of my undergraduate career—an undergraduate career that started off terribly and improved 
tremendously up until the end. This thesis means a lot to me because had it not been for my class 
with Dr. Emil Gernert (mentioned later), my life could have taken a very different path and I just 
wanted to mention how happy I am that I found my niche. This is my final semester and I will 
continue to study for the MCAT and apply to U.S. Medical Schools as soon as the application 
cycle opens in June. I may not have had the opportunity to thank everyone who has impacted me 
throughout my time here but I want them to know each person’s hand played a part in molding 
me into who I am today, and who I will become.  
First and foremost, I would like to thank my great mentor, Dr. Edward B. Tucker. He 
showed me that research was not something easily done because I was stepping into unchartered 
territory. When reproducing an experiment based on a protocol that has been tested and validated 
several times, there’s no sweat; being led by your curiosity is rewarding but in no way is it easy. 
Of course, it wasn’t a burden to have a mentor who knows plant biology like the back of his 
hand. Even with his vast knowledge, he always encouraged me to understand that we don’t know 
more than we know, making almost anything possible. The work in attempting to identify the 
molecular structure of ACE would have been child’s play without the help of the maestro of 
Organic Chemistry, Dr. Keith Ramig. He helped me understand basic laboratory techniques 
involved with the separation of ACE from the solution. It was also a pleasure to work with 
someone that has a great sense of humor. One of Dr. Ramig’s colleagues in CUNY Queens 
College, Dr. Gopal Subramaniam also played a major part in helping in the attempt to 
Isolation and Analysis of Ceratopteris richardii Antheridiogen C 
5 
 
characterize the chemical structure of ACE; his NMR machine was used and I’d like to extend my 
gratitude to him as well. 
 With respect to the natural sciences department, I’d like to thank someone who doesn’t 
get as much recognition as she should, and that person is Sonia Donaldson, the secretary. Ms. 
Donaldson is the spine that holds the entire department together with her never-ending devotion 
to making sure that students stay on track to where they want to go. To put it simply, she’s a 
mother away from home. In addition to Sonia, the laboratory technicians, Dalchand (Neil) 
Rampaul, Beremis Pérez, Merton Lewis, Yelena Skidelsky, and Doris Law play a huge role in 
the natural sciences department. They make sure that the appropriate resources are available for 
everything to run smoothly on a day-to-day basis and the department would not be able to 
function without them. Dr. John Wahlert, in addition to being the department chair and 
imparting his knowledge on me from time-to-time, taught me vertebrate anatomy and the 
second semester of introductory biology where I was first introduced to plant biology. At that 
point, I found nothing more mind-numbing than plant biology so I can definitely appreciate the 
work I’ve done thus far because it shows how much I have changed.  
 Although, I have not taken any course with Dr. Chester Zarnoch, I appreciate his help 
with my thesis greatly. Dr. Helene Eisenman also read my thesis in addition to Dr. Zarnoch 
prior to its submission. In addition to being a great microbiology professor, Dr. Eisenman has 
shown me through various conversations what it means to be a researcher. She helped me 
remain focused because sometimes when you take a step back to realize how much you don’t 
know, it can be disheartening. It was through Dr. Eisenman that I also had the opportunity to 
meet Dr. Magdia De Jesus, a postdoctoral fellow at the Wadsworth Center affiliated with the 
NYS Department of Health. I was one of 10 students selected nation-wide to participate in a 
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summer research program hosted at the Wadsworth Center in Albany during the summer of 
2012. I’d like to thank Dr. Hongmin Li, the Principal Investigator of the project I was involved 
in, and Dr. Matthew Brecher, the postdoctoral fellow that taught me everything I needed to be a 
mad molecular biologist that summer. My research involved developing and testing protease 
inhibitors for proteins found in different flaviviruses like West Nile Virus and Dengue virus as a 
possible treatment method. 
 Dr. Edyta Greer, the delightful woman that taught me organic chemistry for the first 
semester in the Fall of 2011. Dr. Greer always has a smile on her face that spontaneously causes 
you to smile back. Sometimes all one needs to get back on their feet and fix their eyes on the 
prize again, is a little motivation and Dr. Greer carries the torch in that respect. 
 The man I hold fully responsible for me looking at the computer screen and smiling as I 
type is Dr. Emil Gernert. I was an accounting major when I took his biology course to satisfy my 
B.B.A. degree requirement. The way he lectured strung a chord in me and helped me realize that 
I enjoyed biology and the other sciences (with the exception of physics, which is not an 
uncommon thing to say!) I was 21 (I am 23 years old at the moment) when I took his course and 
being closer to graduation made me realize that I did not belong in a cubicle typing away longing 
for 5:00p.m. Where I belong is still to be determined but one thing I know for sure is that 
medical school will guide me in the right direction. In addition to Dr. Gernert, the adjunct 
lecturer who managed the lab section, Victoria Poon played a huge role in sparking my interest 
for the sciences. Mrs. Poon recently graduated from SUNY Downstate Nursing School; she was 
and still is a great inspiration to someone like me who came from having a rocky academic 
record to a much more solid one. I’d like to thank all of my professors in the Natural Sciences 
department because taking each one of their courses helped me climb towards my goal; Dr. 
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David Szalda, Dr. Robert Butler, Dr. Joel Brind, Dr. Valerie Schawaroch, Dr. Chandrika 
Kulatilleke, Dr. Victor Coronel, and Dr. Amish Khalfan. 
 With regards to the undergraduate honors committee, I’d like to thank Dr. Susan Locke, 
she was very helpful and understanding when she was the chair of the committee. I am also 
grateful to the help provided by the new chair of the honors committee, Dr. Jessica Lang. The 
availability to the honors students of Baruch’s research librarian, Stephen Francouer; and the 
director of the writing center, Keri Bertino and her staff were a privilege to have. Dr. Keridiana 
Chez, the staff member of the writing center that helped me directly is an angel to say the least. 
She spent a lot of time re-reading and correcting my obscurities, grammar mistakes—you name 
it! In a sense, she took me in as a spore and helped me polish my writing, making me into a big, 
healthy sporophyte.  
Finally, I want to express my appreciation for having great friends, including my 
girlfriend Michelle, for always showing that she believes in me. I honestly do not think I could 
have done all that I have done without the constant reminder from my friends and family that I 
am working towards something larger than myself. The persistent, encouraging reminder of their 
faith in me was more than enough motivation for me to meet necessary deadlines. 




 This thesis investigates the nature of the Ceratopteris richardii (C-fern) hormone, 
Antheridiogen C (ACE ‘Antheridiogen Ceratopteris’), with respect to its molecular structure and 
its effect on plasmolyzed juvenile C-fern gametophytes. The default sexual phenotype in C-ferns 
is a hermaphrodite and the formation of males cannot occur without the presence of ACE, which is 
secreted by the hermaphrodites. While recent research has shown the effect of ACE on developing 
gametophytes and the mechanisms of sexual differentiation, it does not explain ACE’s chemical 
structure and its effect on plasmolyzed cells. When cells are plasmolyzed, they revert back to a 
totipotent state, with the capability of germinating into a new gametophyte. Would plasmolyzed 
cells, which in essence behave just like spores, experience the same effect when in the presence 
of ACE?  The methods used in this project involved plasmolyzing juvenile gametophytes with a 
concentrated sugar solution and deplasmolyzing them with ACE. To isolate the ACE from the 
media, an organic separation technique using dichloromethane was used. The sample was then 
analyzed via nuclear magnetic resonance spectroscopy (NMR). Findings suggest that ACE, in 
addition to inducing the formation of the males, has a role in facilitating the fertilization of 
deplasmolyzed gametophytes. The NMR data indicates that the compound belongs with the 
Gibberellic acid family like other fern antheridiogens, and brings us one step closer to 
determining the entire structure of the molecule. Additional findings suggest that ACE has a 
potential functional role in arresting growth due to the failure of spores to germinate in media 
containing ACE. 
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CHAPTER ONE: INTRODUCTION 
In the world of science, we are all white mice trying to make sense of the maze we’re in. 
Decoding the mysteries of entities such as the human body and the universe has been and still is 
a major objective of scientific research. One cannot simply put on a cape and fly into the abyss 
of knowledge without trying to at least crawl, stumble, walk, and eventually climb to a level of 
understanding. How can this be achieved? Through the observation, analysis, and understanding 
of something less complex, one can make that leap to another level and still have the 
fundamental knowledge to fall back on and try again if all fails. This is how the understanding of 
less complex organisms such as C-ferns has contributed possible answers to questions posed 
about the way the human body works, and several other organisms for that matter. 
Ceratopteris richardii (C-fern) is a model organism utilized in several introductory 
biology courses to study the mechanisms of reproduction and to help understand certain aspects 
of genetics. There is much known about C-ferns regarding their biochemistry and their 
physiology; this knowledge has contributed to understanding more complex organisms like 
humans, for example. There are questions in C-fern research which remain unanswered, thus an 
unsatisfied need in this field beckons to plant biologists. The main objective of this project was 
to understand the effect of the male-determining pheromone, Antheridiogen C (ACE) secreted by 
the hermaphrodite Ceratopteris richardii fern. A pheromone is a compound made and secreted 
by one sex that has an effect on an alternate sex (Ryner and Swain, 1995). This pheromone is 
secreted by hermaphrodite gametophytes (fern stage that produces gametes: sperm and eggs) and 
induces the developing C-fern to express male characteristics whereas it would have resulted in 
the hermaphrodite gender by default (Li and Ma, 2002); this much about ACE is known. Two 
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major aspects of ACE that were not known prior to this project were: (1) the molecular structure 
of ACE and, (2) the effect ACE has on plasmolyzed cells.  
 When cells become plasmolyzed, they are dehydrated resulting in the loss of water. This 
is no different from when our cells lose water when we consume a lot of salt. Plant cells do not 
shrink as animal cells would because they have a cell wall that sustains their structure. The cell 
wall can hold up to a certain amount of osmotic pressure, which varies among different species 
of plants. What does happen when a plant cell is plasmolyzed is the protoplasm (the material 
inside of the cell comprised of the nucleus, cytoplasm, and other organelles) of the cell shrinks 
towards the middle (Taiz and Zeiger, 2010) as seen in figure 1. The consequence of this is a 
disruption in cell-to-cell communication caused by the destruction of plasmodesmata. 
Plasmodesmata are narrow threads of cytoplasm that allows for communication between 
adjacent cells analogous to gap junctions seen in various human cell types. Plasmolysis breaks 
these plasmodesmata and results in the isolation of each cell in the fern from the surrounding 
cells (Tilney et al., 1990). These cells now act as totipotent cells that can germinate into a new 
fern. This was investigated because existing research does not show information on the behavior 
of these cells in the presence of ACE.  
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Figure 1. (Alifarag, 2012).  An example of the protoplasm of a developing 
gametophyte cell shrinking towards the center of cell post-plasmolysis. This is what 
occurs when the cells are placed in a concentrated solution causing them to become 
dehydrated and have their protoplasm look like this. 
Cell wall 
Protoplasm 
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 GENERAL INFORMATION ABOUT THE C-FERN 
 Organisms are classified using a system, devised by Carolus Linnaeus, which groups 
organisms together based on similar physical traits. This taxonomy classifies organisms by 
placing them into groups and various subgroups based on their shared characteristics. The 
classification of C-ferns according to this system is as follows: 
• Kingdom: Plantae 
• Division: Pteridophyta 
• Class: Filicopsida 
• Order: Polypodiales 
• Family: Parkeriaceae 
• Genus: Ceratopteris 
• Species: Ceratopteris richardii 
 
Ceratopteris is a genus of homosporous ferns found in most tropical and subtropical areas of 
the world (Lloyd, 1973). Ferns of the genus, Ceratopteris can be found in habitats located near 
bodies of water, such as ponds, lakes, or rivers. They can also be found in areas where there is an 
infrequent water supply, such as taro patches or rice paddies. The tendency of the C-fern to be 
found in these aquatic areas has earned it the non-scientific name, ‘water sprite’. C-ferns, like 
other plants, are autotrophs, meaning that they can produce their own food via photosynthesis; 
humans are characterized as heterotrophs because we need to obtain our food from another 
source, we cannot produce it using sunlight like plants do. All the ferns need to germinate 
properly is an adequate amount of light and water. C-ferns are studied extensively and used in 
classroom demonstrations frequently, the reason being that it is fairly easy to observe their 
alternation between a haploid (one set of chromosomes, represented by n) and diploid (two sets 
of chromosomes, represented by 2n) (Banks, 1997)  stage from a physical perspective. C-ferns 
have the capability of reproducing sexually or asexually. This is possible because the two C-fern 
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sexes are hermaphrodite (in which the fern can fertilize itself) or male (in which only sperm is 
produced to fertilize a neighboring hermaphrodite). 
 
C-FERN LIFE CYCLE 
 Throughout the life cycle of this fern, there are two alternating stages (figure 2). The two 
stages are the haploid (spore and gametophyte) and the diploid (sporophyte) stages (Ainsworth et 
al., 1997). Diploid cells contain one set of genetic data from the mother and one set from the 
father. In humans, all of our cells are diploid with the exception of our gametes (sperm and 
eggs). The C-fern is a homosporous fern meaning that it produces only one type of spore which 
germinates into a hermaphrodite by default. This plant does not produce seeds of any kind. The 
spores come from a structure found under the leaves (fronds) of a mature fern (which is a 
sporophyte, a spore-producing stage) called a sporangium.  
 Sporangia are buds found under the fronds of the mature sporophyte, which release 
spores that germinate as long as environmental conditions are appropriate. Twelve days after 
spores are released under standard temperature (25°C ±1°C) and light conditions (light intensity 
of 1.87 mW∙ (cm2)-1), mature heart-shaped hermaphrodite gametophytes are produced. They 
have both male and female sexual organs which are antheridia and archegonia, respectively. At 
around fourteen days, fertilization takes place in which, sperm swim through moisture to meet 
with the egg in the archegonium. The resulting embryo (2n) divides and differentiates into a 
developing sporophyte at 20 days, which undergoes further differentiation to become a mature 
sporophyte that produces spores.  






Copyright © 2008 Pearson Education, Inc.  
Figure 2. C-fern life cycle. A picture representing the life cycle of the C-fern alternating 
between the haploid and diploid generations. 
 




 One of the aspects of the C-fern that makes it a great organism to work with is how easy 
it is to distinguish between the two sexes and the alternation of generations between gametophyte 
and sporophyte from a structural perspective. The hermaphrodite can be identified because of the 
characteristic heart-shaped prothallus with a meristem notch. The prothallus is the flat gamete-
bearing gametophyte of ferns. At the notch of the prothallus (figure 3) is where the archegonia 
are located, bearing the eggs of the gametophyte. The meristem is the area within the notch that 
gives rise to archegonia (Juarez and Banks, 1998). The cells of the hermaphrodite are oblong and 
larger in size when compared to the cells of the male,  which are smaller and spherical in shape. 
The male gametophytes are much smaller in size in comparison to the hermaphrodites. They 
contain no meristem notch and do not have a heart shape. They look like an oblong cluster of 
cells comprised mainly of antheridia. At the base of both types of gametophytes are little root-
like projections known as rhizoids. These rhizoids anchor the ferns to the surface they are 
growing on. These rhizoids do not absorb water to be distributed throughout fern as seen with 
roots of vascular plants because they don’t become vascular until their sporophyte stage. 
Sporophytes have rhizoids as well as a characteristic root, distinguishing it from haploid 
gametophytes.  







A: C-fern gametophyte prothallus (hermaphrodite) 
Source: http://phobos.ramapo.edu/~spetro/Slides/_fern_proth40x.jpg   
Figure 3. (A) C-fern hermaphrodite showing the 
archegonia located by the notch, antheridia 
dispersed through the body of the gametophyte, 
and rhizoids extending from beneath the fern. (B) 
Sporophyte at 20 days after inoculation with leaf 
and root extending from the parent gametophyte. 
(C) Two C-fern male gametophytes at 14 days 
after inoculation. Photos are in 40x, 30x, and 30x 
magnification, respectively. 
 
B: C-fern sporophyte 
Alifarag, 2012   
C: C-fern gametophytes (males) 
Alifarag, 2012   
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SEXUAL DIFFERENTIATION IN Ceratopteris richardii 
 The life cycle of the fern described so far explains what happens when a single spore is 
released and germinates. Of course, in nature, a single spore is never released nor germinates in 
solitude. The reason why it was explained this way is because that is the default incidence of the 
ferns. C-ferns are hermaphrodite by default unless acted on by an external factor; this factor is 
ACE. In a petri dish where C-fern spores have been inoculated, the first spores to germinate are 
hermaphrodites and secrete ACE to cause the male differentiation of the surrounding developing 
gametophytes (Schneller et al., 1990). This is a very effective method to ensure the propagation 
of generations. By increasing the number of males around a hermaphrodite, the chances of being 
fertilized by sperm increase as well. In addition to fertilization, obtaining the sperm from another 
gametophyte ensures the mixing of genetic information resulting in genetically unique offspring 
(Banks, 1994). A group of C-fern spores germinating in the same location would result in the 
presence of various hermaphrodites in random locations with a group of males surrounding each 
hermaphrodite (figure 4 and figure 5). 
 The mechanism of the expression of the male phenotype consists of simultaneous 
suppression of female genes and activation of male genes (Tanurdzic and Banks, 2004) (figure 
6). The expression of male characteristics is joined by a simultaneous inhibition of female trait 
expression with treatment of ACE. There are two genes in C-ferns, FEM1 and TRA (Strain et al., 
2001), which control male and female traits, respectively. The activation of these genes is 
mutually exclusive such that when one of the genes is on, the other is silenced. What sets the 
activation of the FEM1 gene in motion is the activation of the HER genes. The HER genes are 
activated by ACE; so when ACE is not present, the FEM1 gene is indirectly silenced by the 
activation of the TRA gene (explained in figure 6). 
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Figure 4. (Alifarag, 2012). 25X Magnification. Hermaphrodite gametophyte seen at the bottom 
center with two male gametophytes in the vicinity and developing spores nearby as well. This 
shows that the hermaphrodite develops before the rest of the spores and the pheromone it 
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Figure 5. Sample display of gametophytes in a control setting. These two pictures represent 
what a group of C-fern spores would look like when they germinated after approximately 14 days 












Figure 6. Sex-determining mechanisms of C.richardii. The genetic model of sex determination in 
Ceratopteris (Strain et al., 2001) is dependent on two genes, FEM1 and TRA (there are at least two TRA 
genes), which promote the differentiation of male (antheridia) and female (meristem and archegonia) 
traits, respectively. FEM1 and TRA also antagonize each other such that if FEM1 is active, TRA is not, 
and vice versa. What determines which of these two genes prevails in the gametophyte and thus its sex is 
the pheromone ACE, which activates the HER genes, of which there are at least five, and sets into motion 
a series of switches that ultimately result in male development (i.e., FEM1 on and TRA off). These 
switches are thrown in the opposite direction when spores germinate in the absence of ACE. Although 
FEM1 represses TRA and TRA represses FEM1, they do not do so directly. TRA activates MAN1, which 
represses FEM1, and FEM1 activates NOT1, which represses TRA. Because TRA and FEM1 are the 
primary regulators of sex, NOT1 and MAN1 are considered regulators of the regulators. 
 




THE STRUCTURE OF ACE 
 Some research done with C-ferns regarding ACE has been focused on its activation of 
genes, namely ANI1 (Wen et al., 1999) involved in male characteristics and suppressing those 
involved with female characteristics. Recent research has also been involved in trying to 
understand how sensitive different strains (mutants) of C-ferns are to the antheridiogen. 
Although the structure of ACE is not known, it is believed to be analogous to the family of other 
fern hormones, which are gibberellic acids a.k.a gibberellins (GAs) (Srivastava, 2002). All other 
fern antheridiogens characterized to date are mostly novel gibberellins (Yamane, 1998). It is 
believed to belong to this superfamily because the same compound that inhibits the effects of 
antheridiogens in other species, abscisic acid (ABA) (figure 9) (Rademacher, 2000), has the 
same effect on the C-fern antheridiogen, ACE. ABA is a plant hormone that is responsible for the 
cessation of growth and the inhibition of the effects of ACE on developing gametophytes. In 
addition to the effect of ABA, different compounds (figure 7) that inhibit various steps in the 
biosynthetic pathway of other GAs imply that ACE synthesis shares intermediate steps with the 
GA biosynthesis pathway (Wynne et al., 1998). Inhibitors AMO-1618 (2-Isopropyl-4-
dimethylamino-5-methylphenyl-1-piperidinecarboxylate methyl chloride), CCC (Chlormequat 
chloride) and ancymidol were used to inhibit steps in the GA biosynthesis pathway. CCC and 
AMO-1618 are Onium compounds. Onium compounds are those which consist of cations 
(positively charged ions) paired with their counter-ions (negatively charged) formed by the 
addition of an extra hydrogen to give the molecule a net positive charge; examples are 
ammonium (NH4+), chloronium (H2Cl+), etc. These onium compounds block the cyclases, 
copalyl-diphosphate synthase and ent-kaurene synthase involved in the early steps of GA 
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synthesis (figure 8) (Rademacher, 2000). Ancymidol belongs to a group of compounds which 
block cytochrome P450-dependent monooxygenases, thereby inhibiting oxidation of ent-kaurene 
into ent-kaurenoic acid (Rademacher, 2000). These inhibitors of various steps in the GA 
biosynthesis pathway result in no production of ACE. This indicates that the biosynthesis pathway 
of ACE shares similar intermediate steps with the GA pathway demonstrating that ACE may be a 
GA. This will remain a theoretical notion until the structure of ACE is finally characterized and 
verified as belonging to the GA family of compounds. 
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Figure 8. (Rademacher, 
2000). A section of the 
general pathway of GA 
synthesis highlighting the 
steps that CCC, AMO-1618, 
and Ancymidol inhibit. 
 
Figure 7. Molecular structures of the three compounds used in inhibiting various steps of the 
biosynthetic pathway of GAs of other fern species, and of ACE. 
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Figure 9. Structure of abscisic acid (ABA). (Source: http://store.p212121.com/cis-trans-
abscisic-acid/) This is the molecular structure of ABA, a plant hormone that inhibits the 
effects of fern antheridiogens. This compound was used to verify that there was in fact an 
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MORE ON THE ROLE OF ACE 
The mechanism of sex determination in C-ferns is epigenetic rather than genetic, as seen 
with humans. What this means is that a fern that germinates from a spore does not have a set 
gender unless grown in isolation, which does not happen outside of a laboratory setting. In 
humans, our gender is characterized by the 23rd pair of chromosomes we possess. An XX pair is 
indicative of a female whereas an XY pair indicates a male (Verma, 1996). The point is to 
illustrate how C-fern gender can be manipulated by external factors, i.e. epigenetics. The 
external factor here is ACE which affects the developing gametophyte and causes it to express 
male characteristics and suppress female ones (figure 6) (Tanurdzic and Banks, 2004). There are 
other factors that may manipulate the gender of these ferns in a multitude of ways whether it be 
silencing or promoting certain gene regions, but for the purposes of this project, the effects ACE 
has on developing gametophytes is the focus. 10 days after inoculation, C-ferns are in the 
developing gametophyte stage where they possess neither antheridia nor archegonia. It is up until 
this stage that they are sensitive to ACE (Yatskievych, 1993). In addition to all that was 
mentioned so far regarding ACE, it seems that it also results in the suppression of mitotic 
divisions by causing juvenile gametophytes to arrest their growth and simply start to differentiate 
into the male gametophytes. This was examined further by introducing ACE to spores and 
noticing if the spores germinate. The reason why it is believed that this hormone causes C-ferns 
to stop growing is the effect it has on developing gametophytes (10 days old). When these 
juvenile gametophytes are exposed to ACE, they begin to differentiate into males which are very 
small in comparison to hermaphrodites. When spores are exposed to ACE, they do not even begin 
to germinate. To produce males, the gametophytes must reach their juvenile stage first and then 
differentiate into the male sex. 




HOW NUCLEAR MAGNETIC RESONANCE (NMR) WORKS 
Nuclear magnetic resonance spectroscopy (NMR) was the tool that was used in 
attempting to identify the structure of ACE. The concept behind NMR states that based on the 
orientation of hydrogen atoms in a molecule, the remainder of the structure may be determined. 
The most logical and cost-effective method in the attempt to characterize the compound was 
NMR. The type of NMR that is used here is 1H NMR (other types of NMR include 13C, 15N, etc. 
which are all isotopes of elements that respond to the magnetic field exerted by the machine) 
which detects the orientation in which the hydrogens assume when a magnetic field is placed on 
them (McMurry, 2012). Before samples are read by an NMR machine, they must be dissolved in 
a 0.1% tetramethylsilane [(CH3)4Si, TMS] in chloroform (CHCl3). This 0.1% solution is 
prepared by adding 0.1% by weight (0.154mL) into 100g of chloroform (molecular weight, 
MW=119.38g/mol). TMS is a molecule in which four methyl groups are bound to a single 
silicon atom and this molecule serves as the standard reference point when reading NMR spectra.  
Based on where the peaks of the spectra are and certain routine rules regarding reading NMR 
spectra, conclusions can be made regarding the neighboring atoms of said hydrogens and 
ultimately, like a puzzle, the entire molecule can be assembled.  
 




 Plasmolysis is a method in which cells are dehydrated when placed in an environment 
where the osmotic pressure is greater outside than inside the cell (similar to how our cells 
become thirsty when we consume a high salt diet). As a rule, water migrates from a hypotonic 
(low solute concentration) to a hypertonic (high solute concentration) to even out the pressure 
differences across a membrane to achieve isotonicity. When 10-day old gametophytes are placed 
in a 1M mannitol solution for 30 minutes, they plasmolyze. In an animal cell or bacterium, this 
would cause the cell to lyse, or break open due to the inability of the membrane to withstand the 
osmotic pressure induced by the excess solute. Because plant cells have a cell wall which 
provides rigidity and support, cell lysis does not occur. What is exhibited however, is the 
decrease of turgor pressure (pressure of the protoplasm against the cell wall; a high pressure 
indicating a cell saturated with water and a low pressure indicating the opposite) which is shown 
by the protoplasm withdrawing away from the cell wall. What this does is disrupt the 
plasmodesmata which allow for cell-to-cell communication (Tilney et al., 1990). Disruption of 
this junction causes the cells to revert back to a totipotent state (become reprogrammed), which 
means that the cell can now differentiate and germinate into a new gametophyte, and 
subsequently, a sporophyte much like a spore does. Without external manipulation, plasmolyzed 
cells go onto germinate into what are called ‘secondary gametophytes’ and grow outward from 
the primary gametophyte; the resulting structure resembles a head of leaf lettuce (figure 18). 




 The objectives of this project were to: (1) obtain the fern media-ACE solution, (2) attempt 
to identify the chemical structure of ACE, and (3) understand the effect that the ACE-media 
solution has on plasmolyzed cells and spores (performed in different experiments). As mentioned 
before, it is one of the many goals of science and research to address ambiguities, inaccuracies, 
and unfamiliarity in certain fields worth looking into. The fact that the molecular structure of 
ACE was not known was enough motivation to try to solve it. Discovering the chemical structure 
would contribute a vast amount of knowledge that is missing in the field of C-fern research. 
There are several possibilities and the curiosity alone was sufficient enough to drive me to work 
on it. 
  The effect that ACE has on developing gametophytes and the reasoning behind why it is 
believed to belong to the family of compounds known as Gibberellins (GAs) is understood 
(Rademacher, 2000). What existing data does not explain is how ACE affects developing 
gametophytes that have been plasmolyzed; explaining this was on my agenda.  As mentioned 
before, cells that have been plasmolyzed become reprogrammed, capable of germinating into a 
gametophyte. This characteristic of plasmolyzed cells resembles the activity of spores. If both of 
these are capable of germinating into gametophytes, would the presence of ACE affect them the 
same way?  
In addition to the effect that ACE has on plasmolyzed cells, there is an effect that has been 
noticed on spores. Spores fail to germinate when in the presence of ACE; it is suspected that since 
ACE causes developing gametophytes to stop growing and differentiate into males, it is also 
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somehow responsible for arresting mitotic divisions of the fern. Experiments were conducted to 
gain comprehension on this phenomenon. 
. 
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Figure 10. Structure of gibberellic acid. Note that there are no aromatic regions of the 
molecule, mainly aliphatic with the presence of double bonds and polar regions such as (OH). 
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Figure 11. (Alifarag, 2012). Ingredient list for the fern media used. All ingredients were 
added on a ‘per liter’ basis. Metals 49 solution was prepared using various salts containing 
metals necessary for basic biological functions. Gamborg’s vitamin solution is labeled 
‘1000X’ which means that it must be diluted 1,000-fold to achieve its appropriate 
concentration (i.e. 1mL of vitamin solution in 999mL of other ingredients) With a total of 
38mL of the above compounds per liter, the remaining 962mL of liquid in the fern media is 
distilled water. 
CHAPTER TWO: METHODS AND MATERIALS 
Obtaining ACE in fern media 
 It was mentioned that hermaphrodite ferns start to secrete ACE between 12 and 14 days 
after inoculation. One vial of RNWT1 (Wild type, the genetic composition of a species that is 
prevalent in the wild setting outside of a laboratory) spores from Carolina Biological Supply® 
were inoculated in 100mL of media without agar. There are approximately 10,500 spores per 
vial. The media used was a liquid media with the ingredients listed below: 
Compound Concentration Volume added per liter 
MgSO4 • 7H2O 
Magnesium sulfate heptahydrate 3.5g/100mL 5mL 
CaNO3 • 4H2O 
Calcium nitrate tetrahydrate 10g/100mL 5mL 
KH2PO4 
Potassium hydrogen phosphate 2.5g/100mL 5mL 
KNO3 
Potassium nitrate 1.25g/100mL 10mL 
‘Metals 49’ - 1mL 
(NH4)2SO4 
Ammonium sulfate 5g/100mL 10mL 
Iron-EDTA solution 2.78g FeSO4/1,000mL 3.73g EDTA/1,000mL 1mL 
Gamborg’s Vitamin solution 
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The item labeled ‘Metals 49’ is a solution containing salts which contain the following 
metals: chromium, zinc, molybdenum, manganese, boron, copper, cobalt, and nickel. The 
purpose of the metals solution is to provide the germinating ferns with the appropriate elements 
needed for routine cellular functions. One vial of the spores was inoculated into 100mL of the 
medium in a 200mL tissue culture flask and placed in a growth chamber for 14 days. The growth 
chamber was maintained with a light intensity of 1.87 mW∙ (cm2)-1 and a temperature of 25°C 
±1°C. After 14 days, the gametophytes present in the flask are filtered out and the resultant crude 
aqueous filtrate (CAF, which should contain ACE) was autoclaved (placed in high heat and 
pressure to destroy any unwanted organism from causing contamination). To test for the 
presence of ACE, a bioassay was conducted. Approximately 100 spores were placed in each of 
10, 50mL tissue culture flasks with standard liquid media in them without ACE. After 10 days, 
when the spores have reached the juvenile gametophyte stage, the media was dumped out of 5 of 
the flasks and replaced with media containing ACE. The number of males and hermaphrodites in 
each flask were then recorded 7 days later. The presence of ACE should result in a higher number 
of male in the experimental flasks than in the control.  
 
Performing nuclear magnetic resonance spectroscopy (NMR) on ACE 
 Being that ACE was most likely an organic compound analogous to the GAs of other fern 
species, it was extracted from the aqueous solution via an organic separation technique. The ACE 
solution was mixed with 15mL of an organic solvent, dichloromethane (CH2Cl2). The polarity 
index of dichloromethane is 3.1 whereas the index of water is 10.2 (meaning water is much more 
polar than dichloromethane) (refer to Appendix B); this means that when these two solvents were 
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mixed, two liquid phases formed due to the difference in polarity (just like mixing oil and water 
where oil forms a layer on top of the water; water is polar and the oil is non-polar). The 
dichloromethane layer attracted the compounds with no charge being that it is less polar than 
water which attracted the compounds with a charge. Before the dichloromethane was added, 
sodium bicarbonate (NaHCO3) was added until the ACE solution was basic. The purpose of 
making the solution basic was to deprotonate (remove hydrogens from ionizable groups such as 
carboxylic acids, alcohols, etc.) other compounds in the solution from the liquid media and force 
them to adsorb to the water layer. Being that other GAs have a carboxylic acid group (-COOH), 
they got deprotonated as well, leaving them with a negative charge, but that is a small portion of 
the molecule and these tend to adsorb to the organic layer due to the bulky non-polar, alkyl rings 
that make up most of the gibberellic acid structure.  
The three 15mL fractions of dichloromethane were each mixed with the ACE solution and 
collected in a flask containing calcium chloride (CaCl2), a drying agent which removes any water 
that might have not separated from the organic solvent thoroughly. The two layers were collected 
separately because the ACE may have ended up in either of the two layers. Each of the layers is 
then placed in a Rotavapor R-3000® rotary evaporator which slowly rotated the flask containing 
each layer while gently heating it up to evaporate the solvent leaving the desired sample behind. 
The flasks were then connected to a low-pressure vacuum at a pressure of approximately 0-50 
mbar (1 mbar=1 mmHg= 1 torr; standard pressure is 760 mbar) for 15 minutes, the purpose 
being to remove any solvent left behind. The flask was then weighed to obtain the weight of the 
sample; to encounter minimal issues regarding insufficient sample amount for NMR, a minimum 
of 10mg is preferred. The sample is then reconstituted with a 0.1% TMS in chloroform solution 
to be read on the NMR machine. When a sample is placed in the NMR machine, a magnetic field 
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exerted by the machines acts on the hydrogens of the molecule and forces them to spin a certain 
way. The orientation of the hydrogens with respect to other atoms in the molecule would be 
reflected in the spectrum obtained. Hydrogens located near very electronegative atoms such as 
oxygen and bromine are ‘de-shielded’, and would produce peaks in the 8-10 ppm region (‘ppm’ 
stands for ‘parts per million’ used as a universal unit in NMR to indicate the frequency at which 
a peak was recorded) (figure 14). When shielded and de-shielded atoms are mentioned, their 
‘shieldedness’ refers to the electron density around the atom; an atom that is next to an 
electronegative atom (atoms that draw electrons away from other atoms) is referred to as ‘de-
shielded’, for example. Hydrogens located in a ‘shielded’ area with no electronegative atoms 
around would be found within the 0-3 ppm range. Reconstitution of the sample with the 
TMS/chloroform solution is only to be done minutes before reading on NMR machine because 
TMS is a very volatile compound that escapes from solution and evaporates after a short period 
of time (varies on the characteristics of the solvent and the amount of TMS dissolved in it).  
 
Plasmolysis and deplasmolysis of C-ferns 
 Analysis of results was done via an Olympus SZX12® microscope with camera adapter. 
Developing gametophytes were carefully removed from their agar plates and placed in 1.5mL 
Eppendorf® tubes containing 500 uL (1/2 mL) of 1M mannitol (MW=182.17g/mol) which is a 
concentrated sugar alcohol solution. The gametophytes are placed in the solution, gently 
centrifuged (at 600rpm) to ensure they’re all submerged, and rehydrated with either water or ACE 
solution after 30 minutes. The deplasmolyzed gamtophytes are then carefully removed from the 
tube and placed on small 5cm diameter petri dishes with standard solid media and placed in the 
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growth chamber again. The plates were then observed after 14-20 days in the chamber to note 
the number of sporophytes and head of leaf lettuce structures that would indicate that fertilization 
took place, or didn’t take place, respectively. 
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CHAPTER THREE: RESULTS AND DISCUSSION 
Obtaining ACE in fern media  
• After allowing the spores to germinate for 14 days, the gametophytes were filtered out 
and the media was autoclaved. The resultant solution was then tested with new juvenile 
gametophytes in comparison with media containing no ACE; the frequency average of 
male gametophytes in each sample was calculated. 
 
Pictures A-E (figure 12) represents flasks which contained ACE, and this is supported by 
the high incidence of males seen in each of these flasks when compared to the control with no 
ACE present. Pictures F-T (figure 12) represent the control flasks where there were developing 
gametophytes in standard media without ACE. As mentioned in the methods and materials 
sections, the flasks containing ACE should have a higher frequency of male gametophytes when 
compared to the control. For three consecutive trials (figure 13) (labeled by T1, T2, and T3), the 
results were consistent. It was apparent that in all three trials, the incidence in males was far 
greater with ACE introduced. The purpose of this quantification of male versus hermaphrodite 
gametophytes was just to demonstrate the effect caused by ACE. There was an unequal amount of 
spores added to each flask because there is virtually no way to isolate an equal amount of spores 
to be placed in each flask without contaminating them. When 4mL of distilled water is added to 
suspend the vial containing 10,500 spores, 1 drop harbors approximately 100 spores. One drop 
was added to each flask but the exact amount was not certain. It was for this reason that error 
bars were not required. Error bars are used to determine the reliability of the results with respect 
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to the standard deviation; this experiment was designed simply to demonstrate the difference 
between gametophytes placed in the presence of ACE versus those that weren’t. 
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Figure 12. (Alifarag, 2012). Display of pictures taken from flasks containing or not containing ACE. 
Pictures A-E were taken from flasks containing ACE. The resulting pictures were taken from the flasks with 
just media and no ACE. The hermaphrodite gametophytes are the larger of the two types of gametophytes 
seen here. The males are the smaller, oblong-shaped structures next to the hermaphrodites. All of these 
photos were taken at a magnification of 50X. 




Figure 13. (Alifarag, 2012). Antheridiogen bioassay. Ten flasks were used in each trial, half of 
which contained 10-day old gametophytes that were treated with ACE and the other half were left 
in the original media.. The number of times (frequency) a male or a hermaphrodite was observed 
in the five control or ACE plates was averaged with the number of plates to obtain the frequency 
average seen on the y-axis. Each trial is denoted with a ‘T’ and the number of the trial. It is 
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Performing proton nuclear magnetic resonance spectroscopy (NMR) on ACE 
• The ACE sample, after being extracted from the media solution and dissolved in 
TMS/chloroform was inserted into the NMR machine. The spectrum was obtained and 
analyzed for the chemical structure  
The spectrum here is the result of contamination of other organic molecules other than 
ACE. The various peaks each represent different collections of hydrogen atoms that end up in 
different areas of the x-axis (ppm). The closer a hydrogen is to an electronegative atom such as 
oxygen or nitrogen, the further to the left its peak will be. Electronegative atoms have a tendency 
to strongly attract the electrons of other atoms and in doing so, tend to “de-shield” atoms by 
attracting the electrons that orbit them. Peaks found close to the right are very “protected” by 
being away from electronegative atoms. The reason why this sample was contaminated was that 
the vitamins ended up behaving just like ACE (meaning that they shared several chemical 
characteristics with it), and those are the vitamins that were ingredients to the media (figure 11). 
Those vitamins are myo-inositol, pyridoxine (vitamin B6), thiamine (vitamin B1), and nicotinic 
acid (referred to as ‘niacin’ only when the substituents are in the ‘meta’ position, meaning that 
they are attached to two separate carbons with one carbon in between them. In the case of this 
vitamin, however, the nitrogen present is not attached to a carbon but rather is in the place of a 
carbon that would normally take its place (figure 15). 
The region on the spectrum where there are several peaks in the 0-3 range indicates the 
presence of several aliphatic hydrogens. Aliphatic hydrogens are those attached to carbons that 
are bound by single bonds only. Since none of the vitamin structures above have a large amount 
of aliphatic hydrogens, it’s likely that these possibly belong to ACE. The reason why it is likely 
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that the peaks representing aliphatic hydrogens belong to ACE is that there is nothing else in the 
solution other than the vitamins that would have ended up in the organic dichloromethane layer. 
Everything else was either charged to begin with, or was deprotonated upon the addition of the 
sodium bicarbonate base in the initial steps. The basic structure of a gibberellic acid (figure 10) 
has a large amount of these aliphatic hydrogens and this could be a step in the right direction to 
characterizing the structure of ACE.  
The spectrum obtained from the carbon NMR (figure 16) is indicative of a sample that 
was too dilute to be analyzed by the machine. Since hydrogens exist as three isotopes (1H 
hydrogen, 2H Deuterium, and 3H tritium), a high concentration is not as necessary as one is for a 
carbon NMR. Carbon has multiple isotopes and because of that, a larger quantity of the sample is 
needed to achieve an accurate reading of the appropriate isotope (13C). The spectrum seen in 
figure 16 represents this seeing as how only three overlapping peaks were observed (at 70-80 
ppm) with the peak at zero being the reference with chloroform and TMS. 
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Figure 14. (Alifarag, 2012).  Proton (1H) NMR spectroscopy performed on sample isolated 
from media. This spectrum displays the response given by the hydrogens of the sample placed in 
the NMR machine. Although the spectrum is not clear enough to provide a means to determine 
the structure, it does show a heavy peak region between 0 and 3 which indicates aliphatic 
hydrogens as seen in figure 10. What this tells us is that the structure of ACE is likely to belong to 
the Gibberellic acid family. Although there was minor contamination with the presence of the 
vitamins from the media (figure 15), none of the vitamins possess a significant amount of 
aliphatic hydrogens that would be found in this range which indicates that they must belong to 
ACE. 
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Figure 15. Structure of vitamins in Gamborg’s ® 1000X vitamin solution. Note that the only 
compound that would have been deprotonated was the meta-nicotinic acid due to its carboxylic 
acid group. The remaining vitamins would have been combined with ACE in the organic layer 
since they had no charge even after the addition of the sodium bicarbonate base. 
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Figure 16. Carbon (13C) NMR spectrum. This spectrum does not convey information 
aside from the fact that the sample was too dilute to be read. Carbon NMR requires a 
greater amount of sample due to the scarcity of the specific 13C isotope required to be 
read by the machine. Proton NMR did not have this issue because there are only three 
isotopes of the hydrogen element and they are 1H, 2H, and 3H. The first two isotopes can 
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Plasmolysis and deplasmolysis of C-ferns 
• 10-day old gametophytes were plasmolyzed in a 1M mannitol solution for 30 minutes. 
The ferns were then deplasmolyzed by being rehydrated with either water (for the control 
samples) or ACE solution (for the experimental samples).  
 There are approximately 75 cells in the developing gametophyte. After being 
plasmolyzed, each cell reverted back to a totipotent state like that of a spore. Each cell now was 
capable of germinating into another gametophyte—a secondary gametophyte. This results in the 
formation of a structure that resembles a head of leaf lettuce (figure 18) as seen in the control 
samples above. There is no evidence of fertilization although both antheridia and archegonia are 
seen in the secondary gametophytes. This could be due to the fact that in order for fertilization to 
take place, the gametophyte must lay flat in order for sperm from the antheridia to be released 
and be washed into the archegonia via the water on the surface of the media or the periodic rain 
water in the wild setting. The flat orientation of the gametophyte is not always necessary so long 
as there is enough fluid available making it possible for the sperm to swim. In figure 19, 
antheridia and archegonia are detected on secondary gametophytes. Their functionality cannot be 
assessed due to the orientation of the secondary gametophyte. The secondary gametophyte grows 
out of the deplasmolyzed cell from the primary gametophyte and grows vertically since the 
primary gametophyte occupies the surrounding space. When compared to results obtained from 
the gametophytes deplasmolyzed with ACE solution, these gametophytes show no sporophytes. 
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Figure 18. Control, gametophytes deplasmolyzed in water. These pictures were taken 20 
days after the 10-day old gametophytes were deplasmolyzed. There were no sporophytes 
observed in any of the control plates, indicating that no fertilization took place. Although 



















Control: deplasmolyzed with H2O, 20 days 
post-plasmolysis, 35X magnification 
Control: deplasmolyzed with H2O, 20 days 
post-plasmolysis, 35X magnification 
Control: deplasmolyzed with H2O, 20 days 
post-plasmolysis, 35X magnification 
Control: deplasmolyzed with H2O, 20 days 
post-plasmolysis, 35X magnification 
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Sexual organs on secondary gametophytes. Antheridia in the picture on the left and archegonia in the 
picture on the right. Magnification: 75X 
Figure 19. Antheridia and archegonia observed on secondary gametophytes. These pictures 
were taken of the secondary gametophytes originating from the 10-day old gametophytes 
deplasmolyzed with water. This shows that the formation of the sexual structures is not inhibited 
during plasmolysis. What this does show is that although the sexual structures are present, 
whether they work or not could not be determined. When compared to gametophytes 
deplasmolyzed with ACE, there is a great difference in that there are several sporophytes that 
develop (a result of fertilization). 
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  When compared to the gametophytes deplasmolyzed with water in the control sample, 
there is an apparent difference here being the presence of sporophytes not seen in the control. 
There are two main features that distinguish the head of lettuce figure from the sporophyte: the 
presence of a root in addition to the rhizoids, and the presence of round leaves. This distinction 
can be clearly seen in picture (E) (figure 20) where both sporophyte (right) and head of lettuce 
(left) can be seen. The root is clearly visible in addition to the round leaves. The head of lettuce, 
however, shows no root or round leaves. The most logical explanation as to why numerous 
sporophytes were observed in these plates versus the control is the manner by which sperm are 
guided by ACE to the archegonia to fertilize the eggs. Under normal conditions, the antheridiogen 
secreted by the hermaphrodite induces the surrounding spores to manifest the male phenotype. In 
addition to that, the antheridiogen causes the deterioration of the neck cells protecting the egg 
and guides the sperm into the archegonia for fertilization (Chiou and Farrar, 1997). The fact 
could very well be that plasmolysis causing the disruption of the plasmodesmata to break, also 
caused the malfunctioning of the antheridiogen-secreting cells. The reason for this assumption 
being that sexual structures were observed in both control and experimental samples but the 
fertilization was only exhibited where ACE was introduced. ACE caused the deterioration of the 
neck cells covering the archegonium and makes it conducive for the sperm to swim and fertilize.  
 The statistical representation (figure 21) of the frequency of sporophytes or secondary 
gametophytes observed here is a depiction of the effects seen in the experimental and control 
samples. Each bar has a label as to which trial the data was obtained from. All experiments were 
conducted three times to ensure reliability of results, so each “T” and the attached number 
indicates which trial the data belongs to. The first six bars represent data obtained from samples 
deplasmolyzed with ACE over the three trials whereas the other six represent the control 
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deplasmolyzed with water. It’s apparent that those samples deplasmolyzed with the ACE solution 
had a greater number of sporophytes in comparison to the control. The largest standard deviation 
exhibited here (2.1) is with the frequency of the secondary gametophytes in the third trial. The 
other standard deviations were ≤1 indicating that the data was consistent. 
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Figure 20. (Alifarag, 2012). Pictures of the sporophytes observed. Results from gametophytes 
deplasmolyzed with ACE. Magnification for pictures A, C, D, E=20X, pictures B, F, G=30X; 
picture H=40X. 10-day old juvenile gametophytes were plasmolyzed and deplasmolyzed with the 
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 Figure 21. (Alifarag, 2012). Ferns deplasmolyzed with water or ACE. Each trial (denoted with 
T1, T2, etc.) represents an average of sporophytes or secondary gametophytes observed in five 
plates treated with the ACE solution or the five plates treated with water. There is an apparent 
difference between the two. Ferns deplasmolyzed with ACE had a greater tendency to develop into 
sporophytes.  
 




Spores germinating in media containing ACE 
 
• Spores were inoculated into 50mL tissue culture flasks in conjunction with the flasks 
prepared for the Antheridiogen bioassay where 10-day old gametophytes were placed in 
the flasks.  
 
As a spore, the living material located within is isolated from the environment. When 
spores reach favorable living conditions, stem-like projections emerge from the spores and the 
ferns start to germinate. These very small projections (indicated by arrows) can be observed 
(figure 22) coming from the spores. Once the spore cracks open, and the presence of ACE is 
recognized, the spores fail to germinate. Given that ACE may possess certain growth-retardant 
properties, seen with the dwarf-sized males, the fact that these spores failed to germinate is not 
an anomaly. Further investigations need to be conducted to truly understand the mechanism 


















Figure 22. (Alifarag, 2012). Spores inoculated into media containing ACE. After 14 days, the 
spores inoculated into the media containing ACE had not germinated. Very small projections from 
the spores (indicated by the arrows) can be seen. When compared to the morphology of the ferns 
seen in figure 12, the difference is obvious. Pictures from this figure and figure 12 were both 
taken 14 days after the initial spores were inoculated. 
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CHAPTER FOUR: CONCLUSIONS 
 
 In the course of this project, it was discovered that: (1) certain regions of the NMR 
(nuclear magnetic resonance) spectrum indicate that ACE could belong to the Gibberellin 
superfamily, (2) the hermaphrodites used in this project consistently produced ACE as confirmed 
by several bioassays, (3) ACE causes the secondary gametophytes to become susceptible to 
fertilization whereas those deplasmolyzed with water showed no evidence of fertilization, and 
finally, (4) ACE may possess some properties that causes juvenile gametophytes to stop growing 
and start differentiating into males; ACE causes spores to germinate very slowly, if at all. 
 The NMR spectrum obtained with the help of Dr. Keith Ramig (Organic Chemistry. 
CUNY Baruch College) and Dr. Gopal Subramaniam (Organic Chemistry, CUNY Queens 
College) suggests that although there was contamination of the vitamins in the fern media, 
certain peaks which did not belong to the vitamins, indicate that ACE does have a large portion of 
aliphatic hydrogens as seen in figure 10. The entire structure was not solved but this research 
expands current knowledge of the structure.  
 Several bioassays were conducted to ensure that the hermaphrodites used in these 
experiments were producing ACE. As mentioned before, the filtrate (CAF) collected from flasks 
14-20 days after inoculation was then added to a set of juvenile gametophytes to test the 
percentage of males that would form as a result. In a control setting, the number of males should 
be far less than in a place containing more of ACE. This hypothesis was confirmed supported by 
the data presented in figures 12 and 13. 
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 When developing gametophytes (10 days old) were plasmolyzed, their cell-to-cell 
junctions were disrupted due to severe dehydration by the concentrated mannitol solution they 
were placed in. The cells became reprogrammed, meaning that they were now totipotent and 
were capable of germinating into a gametophyte on their own. Ferns plasmolyzed and 
deplasmolyzed with water did follow this phenomenon and the resulting structure resembled a 
head of leaf lettuce. Deplasmolysis of the ferns with the hormone, on the other hand, resulted in 
several sporophytes instead of the leaf lettuce structure. This can be attributed to the nature of 
ACE, which causes the neck cells of the archegonia to deteriorate and reveal the unfertilized egg. 
In addition, it acts as a chemotaxic agent, allowing the sperm to follow the trail of the hormone 
into the archegonia, ultimately resulting in the fertilization of the egg. 
 Inoculation of spores in media containing ACE caused them to germinate very little, if at 
all. When ACE acts on a developing gametophyte, the gametophyte stops growing in size and is 
immediately directed to a pathway in which it assumes the male phenotype. This can explain 
why there is such a significant size difference between males and hermaphrodites. It was 
curiosity that led me to see whether spores would even germinate. The results showed a clear 
indication that the spores did not germinate. A very tiny stem-like projection protruded from the 
spore but that was the end of it. At 14 days, the flasks containing the spores in the ACE solution 
had not germinated and the spores inoculated into standard media showed the typical result of 
hermaphrodites and males dispersed throughout the media.  
 The aim of this project was to address some unknown aspects of C-fern research and that 
aim was achieved. The effect that ACE has on plasmolyzed cells has been discovered, new 
information was obtained regarding the structure of the unknown compound, and a discovery 
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was made regarding the effect ACE had on spores. These findings have contributed to this area of 
research and will provide information for subsequent studies of C-ferns. 






The molecular structure of ACE still needs to be determined. Perhaps another method 
should be employed such as X-ray crystallography. Dr. David Szalda (General Chemistry, 
CUNY Baruch College) is an X-ray crystallographer who can perform the designated task.  In 
order to use X-ray crystallography, a pure crystal of the compound must be obtained. This cannot 
happen with the use of only one vial of spores (which produces approximately 5-10mg of ACE); 
it would probably require the use of a large quantity of approximately 100,000 spores or more. 
The effect that ACE exerts on the spores, causing them to not germinate, needs to be further 
investigated to understand exactly what is happening. Further experiments can be conducted to 
understand more of the mechanism behind why ACE causes the arrest of mitotic growth. To 
understand more regarding this mechanism, knowing the complete molecular structure would be 
constructive. Certain characteristics of a molecule, such as whether it has acidic, basic, aromatic, 
and other chemical properties contribute a lot of information explaining why molecules behave a 
certain way or how they affect other entities. 
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WET LAB PROCEDURE PROTOCOLS 
 
Inoculating Carolina Biological Supply® C-fern spores into liquid media for harvesting ACE 
 
1) Before opening lab supplies, ensure that safety hood fan has been on for at least 30 
minutes to rid of any microbes circulating in the air. In addition, always remember to turn 
on UV lamp in between uses to decontaminate safety hood. 
2) Turn the Bunsen burner on and flame the lip of the jar containing the media. 
3) Pour 100mL of the media into a 200mL tissue culture flask (NEVER LEAVE 
ANYTHING UNCAPPED FOR AN EXTENDED PERIOD OF TIME). 
4) Wipe the outside of the C-fern vial of spores with a paper towel moistened with ethanol 
to get rid of microbes growing on the surface of the vial. 
5) Dump the entire vial of spores into the flask and flame the lip of the flask very quickly. 
6) Cap the flask and store in the growth chamber, checking on the flask every day to ensure 
there is no contamination. If there is, the experiment needs to be redone. 
7) After 14 days, pour the media (now containing gametophytes) into a syringe with a 
0.2uM pore filter tip. Squirt the media into a container that won’t melt in high heat and 
pressure. Discard the gametophytes that build up on the filter. 
8) Autoclave the isolated media until the pressure cooker reaches a pressure of 15 psi for 20 
minutes (CAUTION: IF PRESSURE EXCEEDS 15 psi, TURN OFF BUNSEN 
BURNER IMMEDIATELY TO AVOID DANGEROUS MISHAPS). 
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Performing a bioassay to determine presence of ACE in isolated media 
 
1) Follow steps 1 and 2 from the previous protocol. Fill ten 50mL tissue culture flasks with 
the liquid fern media. 
2) Fill the C-fern spore vial with 4mL of distilled water (remember to flame the lip of all 
stock bottles used to prevent contamination).  
3) Thoroughly suspend the spores and place 1 drop of the spore/water mixture in each of the 
ten flasks. 
4) Place the flasks in the growth chamber and after 10 days; pour the media out of five of 
the flasks, leaving the juvenile gametophytes behind, so that the standard media can be 
replaced with the media containing ACE.  
5) After another 7-10 days, observe the flasks and record data pertaining to each one. 
 
 
Plasmolyzing 10-day old gametophytes and deplasmolyzing with appropriate agents 
 
1) Place 10-day old gametophytes in 500uL of 1M mannitol in 1.5mL Eppendorf® 
microfuge tubes. 
2) Gently centrifuge the tubes at 600rpm for 60 seconds to ensure the gametophytes are 
submerged in mannitol. 
3) Allow the gametophytes to plasmolyze for 30 minutes and then rehydrate (deplasmolyze) 
with distilled water or media containing ACE. 
4) Distribute the deplasmolyzed gametophytes to the appropriate plate and observe after 20 
days to note whether the result was a head of leaf lettuce structure or a sporophyte. 
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Isolating ACE from media (performed in Dr. Keith Ramig’s laboratory) 
 
1) Take an original pH of the sample using litmus paper. If the sample is not basic, add 
sodium bicarbonate (NaHCO3) until it becomes basic to ensure unwanted compounds are 
deprotonated. 
2) Add three 15mL fractions of dichloromethane (CH2Cl2) to form the organic layer in your 
sample in which ACE should adsorb to. 
3) After each fraction is collected, place the sample in a beaker containing calcium chloride 
granules to extract any remaining water from the sample. 
4) Once that is completed, place the sample in a tared round bottom flask and attach to the 
rotary evaporator. 
5) Once the dichloromethane is evaporated, a yellow-brown residue will be left on the 
bottom. Attach the flask to a low pressure tube to further remove any remaining solvent. 
6) Weigh the flask and record the difference in weight from the tared flask. 
7) Resuspend the residue in chloroform with 0.1% TMS dissolved in as well. Place the 
sample in a clean NMR tube and place in the machine to be read. 
  





Polarity Index (obtained from : <http://macro.lsu.edu/howto/solvents/Polarity%20index.htm>  
 
 







Petroleum Ether 0.1 
Cyclohexane 0.2 
n-Butyl Chloride 1.0 
Toluene 2.4 




Ethyl Ether 2.8 
Dichloromethane 3.1 
Ethylene Dichloride 3.5 
n-Butyl Alcohol 3.9 
Isopropyl Alcohol 3.9 
n-Butyl Acetate 4.0 
Isobutyl Alcohol 4.0 
Methyl Isoamyl Ketone 4.0 
n-Propyl Alcohol 4.0 
Tetrahydrofuran 4.0 
Chloroform 4.1 
Methyl Isobutyl Ketone 4.2 
Ethyl Acetate 4.4 
Methyl n-Propyl Ketone 4.5 
The highlighted compounds (water and dichloromethane) were the ones used in the organic 
separation technique. The difference in their respective polarity indices explains why a 
separation of the organic (dichloromethane) and the polar (water) phases was possible.  
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Propylene Carbonate 6.1 
N,N-Dimethylformamide 6.4 
Dimethyl Acetamide 6.5 
N-Methylpyrrolidone 6.7 
Dimethyl Sulfoxide 7.2 
Water 10.2 
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APPENDIX C: A word from the author 
  
 Completing an undergraduate honors thesis was not an easy task to say the least. I have 
been working on this thesis since the spring semester of 2012 (a 1-year project), and there is a lot 
more work that can be done given the right amount of time. Being a full-time student in addition 
to performing research was a challenge, but not impossible.  
 My advice to the student researcher is to always be organized. I cannot tell how many 
times my work was set back or could not make sense of something that was done some time ago 
all because I was disorganized at one particular moment. If you have various folders saved 
somewhere, always back them up in a separate and secure location such as another computer, 
Dropbox, or SkyDrive by Hotmail. In addition to that, if you have various folders with different 
lab materials such as photos, experimental results, lab protocols, etc. it’s not a bad idea to have a 
Word file saved in the same location explaining the nature of the contents of the folder. 
Especially when time is limited (which it almost always is), one does not have the time to sit 
around tracing back his/her steps, trying to make sense of a mess. 
 Of course, something we always hear is that there is no such thing as a stupid question; I 
could not agree more with that statement. Had it not been for “stupid” questions, science 
textbooks might be half as lengthy as they are now. The point is that these questions or 
curiosities are what fuel research and education. Having intellectual curiosity is like having a 
pulse on the professional level. If we cannot make sense of what is around us, inside us, etc. then 
we are no different from sheep mindlessly walking around waiting for a shepherd to guide them. 
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 Conducting research properly is something that requires your undivided attention along 
with your motivation to satisfy your curiosities. As Sir John Gurdon (2012 Nobel Prize winner in 
Physiology or Medicine) stated in an interview: “there are several things that could sway you or 
stop you along the way like the headmaster at my old school who wrote an explicit letter stating 
chaos that would ensue for me and for the person unfortunate enough to teach me, should I 
follow a career in science.” Being pre-med meant that: (1) I had multiple laboratory reports due 
every week (2) I was managing the Baruch College Bio-Med Society as the President (2011-
2012), (3) I was studying more hours than there were in the day, and (4) I was engaging myself 
in various activities to make for a strong application (shadowing doctors, extracurricular 
activities, etc.). I knew that I would be applying to medical school soon (June 2013) and that I 
was in no way about to give up just because the work was challenging; as far as I’m concerned, 
I’m barely scratching the  surface compared to what I’ll be doing during and after medical 
school. My aspiration is to become an interventional cardiologist or a cardiac electrophysiologist.  
 
  
  
